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Abstract
We investigate the 750 GeV diphoton excess in terms of supersymmetric models which
preserve grand unification in the ultraviolet. We show that minimal extensions of the
MSSM by a singlet and a vector-like 5-plet or 10-plet of SU(5) can explain the observed
signal while remaining perturbative up to the GUT scale. Different from previous analyses
we rely on light sfermions in the loops which – compared to the analog non-supersymmetric
models – enhance the diphoton cross section by up to a factor of seven. While the resonance
decay width is narrow, mass splitting of the scalar and pseudoscalar components may result
in a double resonance. We perform a likelihood analysis on the ATLAS and CMS data
to show that the significance of the diphoton excess increases from 3.3σ (single narrow
resonance) to 3.9σ for the double resonance. We also provide signal predictions in other
diboson channels to be tested at LHC-13.
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1 Introduction
An excess of diphotons at ATLAS [1] and CMS [2] has triggered speculations about the exis-
tence of a new boson in nature. If taken serious, the properties of this new particle were not
foreseen in any preexisting model of particle physics. While one may take this as an argument
for a statistical fluctuation, it is still tempting to ask, how the new boson can be embedded
into well-motivated schemes of physics beyond the standard model. An obvious candidate for
the diphoton excess is a singlet which couples to gluons (photons) via new vector-like colored
(charged) particles running in the loop. Simple bottom-up constructions of this type were
presented in [3–7]. Vector-like ‘exotics’ are very common in string model constructions such
as D-brane theories [8] or heterotic string compactifications [9]. The possibility that these
exotics mediate the diphoton signal has been considered in [10–17]. However, in UV derived
settings, there exist strong constraints on the possible charges and couplings of the new states.
In particular, it proofs very difficult to construct viable models which fit the signal and remain
perturbative up to high energies.
In this article we consider supersymmetric extensions of the standard model consistent
with grand unification. The most economic way to preserve gauge coupling unification is to
introduce vector-like states as complete multiplets of an SU(5) grand unified theory (GUT). In
this scenario, the couplings of the singlet resonance to vector-like multiplets are limited by the
the absence of Landau poles in the renormalization group running. This results in an upper
limit on the diphoton cross section of the 750 GeV boson. As a consequence, it was found
in [18] that simple realizations with one/ two 5+5 or one 10+10 and universal GUT boundary
conditions fail to explain the observed diphoton signal (see also [19,20]).1
We are aiming to extend the analysis [18] in two ways: first we perform a full likelihood
analysis on the ATLAS and CMS data in order to pin down the experimentally favored diphoton
cross section. Inclusion of the 8 TeV data reduces the best fit cross section significantly and
simplifies the explanation of the excess in terms of a GUT. Second we take into account
sfermionic contributions to the diphoton cross section which can be significant (this was also
pointed out in [20]).
While large couplings between the 750 GeV boson and the vector sfermions can drive a
strong diphoton signal, they may induce undesirable charge breaking vacua. We derive upper
limits on the scalar couplings by requiring that the universe is at least metastable. For this we
explicitly calculate tunneling rates along the most dangerous directions in fields space. Despite
the constraints, we show that light sfermions in the loop can enhance the diphoton cross section
by up to a factor of seven. This reopens the exciting possibility of fitting the diphoton excess
via a single 5 + 5 or a single 10 + 10.
The considered class of supersymmetric models does not give rise to the (experimentally
slightly preferred [1]) large decay width of the diphoton resonance. However, it is possible to
employ the superposition of the scalar and the pseudoscalar singlet [18]. Our likelihood analysis
suggests that – given a mass splitting of O(50 GeV) – the corresponding double resonance fits
the ATLAS and CMS data with the same quality as a broad resonance.
Finally, we predict the signals in the γZ, ZZ and WW channels which will soon come into
reach at LHC-13.
1See [21–28] for other attempts to explain the diphoton excess within GUTs.
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2 Signal Analysis
In this section we perform a likelihood analysis on the diphoton spectrum. We include the
ATLAS and CMS searches for diphoton resonances at 13 TeV [1, 2] and 8 TeV [29, 30]. Back-
grounds are determined by fitting a smooth function to the data. As the experimental analyses
were performed by different groups, the background modeling differs slightly among them. In
our combined analysis, we decided to parameterize all backgrounds in a uniform way [1,31]
f(mγγ) = N
(
1−
(
mγγ√
s
)1/3)a(mγγ√
s
)b
, (1)
where mγγ denotes the diphoton invariant mass and
√
s the center-of-mass energy. For each
data set the free parameters N , a and b are determined by a fit to the experimental data. This
is done by minimizing the Poissonian likelihood
Lb =
∏
i
(
N ib
)N io
N io!
e−N
i
b , (2)
where N io denotes the observed number and N
i
b the expected number of events (according to
the background hypothesis) in the bin i. In order to avoid contamination of the background
fit by a signal component, we exclude the bins between 700 and 800 GeV in this procedure.
The diphoton data and our background fits are shown in figure 1.
For the signal, we assume a spin 0 resonance produced via gluon fusion. This implies an
enhancement of the cross section at 13 TeV by a factor of 4.7 compared to 8 TeV [1, 2] (our
results are always given in terms of the 13 TeV cross section). The signal has to be weighted
by the detector acceptance which is provided by the experimental collaborations [29,30,32,33].
Three different signal hypothesis are considered: a narrow resonance, a broad resonance
and a double resonance.2 In the narrow resonance case, we assume that the signal width
is dominated by the experimental resolutions. The latter are modeled as Gaussian with the
standard deviations taken from the experimental publications. This is a slight simplification
compared to the more elaborate crystal ball functions employed by the experimentalists. For
the broad width resonance, we neglect the detector resolution against the intrinsic decay width
which follows a Breit-Wigner distribution. Finally for the double resonance case we assume
the appearance of two narrow resonances in close proximity. This scenario is e.g. realized if
the new boson is a complex scalar field with its scalar and pseudoscalar components split by
loop-effects. It can, in particular, be accommodated in supersymmetric models [18].
For each of the three scenarios, we have identified the best fit cross section for the 13 TeV
data alone and for the combination of 8 and 13 TeV data. This was done by maximizing the
likelihood Ls+b of the signal plus background hypothesis which is defined in analogy to (2).
The confidence intervals around the best fit point are then determined via a likelihood ratio
test employing the ratio Ls+b/(Ls+b)best-fit. The 8 TeV data show no clear indication of a
signal and are thus used to provide a 95% CL upper limit on the diphoton cross section. In
figure 2 we provide the resulting confidence intervals and upper limits. For the broad width, we
fixed Γφ = 40 GeV. For the double resonance, we assumed a mass splitting
3 of ∆m = 40 GeV
2A likelihood analysis on the diphoton data was also performed in [34]. Differences compared to our analysis
include the background modeling and the case of the double resonance which was not considered in [34]. The
double resonance scenario was considered in [35], however, it was only tested against the ATLAS 13 TeV data.
3The sign of the mass splitting is chosen such that the dominant resonance is heavier.
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Figure 1: Diphoton data of ATLAS and CMS and backgrounds (Bkg) employed in this work.
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Figure 2: Confidence regions in the plane of resonance mass and diphoton cross section for the 13 TeV
data alone and the combination of 8 + 13 TeV data. Also shown are the 95% CL upper limits from
the 8 TeV data. It is assumed that the resonance is produced via gluon fusion. The cases of a narrow,
broad and double resonance refer to the upper, middle and lower panel respectively. Assumptions in
the broad and double resonance cases are described in the text.
5
and a relative normalization of 9:4 of the two peaks (as expected for pseudoscalar and scalar
resonances originating from the same complex field). The shown mass and cross section in this
case refer to the dominant resonance.
The favored cross section is considerably smaller for the narrow and double resonance
compared to the broad resonance which spreads the signal among more bins. Notice also
that there is some tension between the 8 TeV and the 13 TeV data, with the latter favoring
significantly larger cross sections. This tension is somewhat reduced by the Moriond 2016
update which was not yet taken into account. Still, it is clear that if the diphoton signal is
real, the 13 TeV data correspond to an upward fluctuation.
In table 1 we compare the overall local significance of the excess for the narrow, broad and
double resonance. For the broad resonance we consider a fixed width of Γφ = 40 GeV as well
as a free width Γφ ≤ 100 GeV. In the double resonance case we fit the mass splitting and
consider a fixed relative normalization of 9/4 as well as a free normalization.
Resonance Type mφ σggφ × Brγγ Γφ Significance
Narrow 744 GeV 2.6 fb − 3.3σ
Broad (fixed width) 744 GeV 5.6 fb 40 GeV 3.9σ
Broad (free width) 745 GeV 6.9 fb 62 GeV 4.0σ
Double (fixed ratio) 745 GeV (705 GeV) 2.8 fb (1.3 fb) − 3.8σ
Double (free ratio) 745 GeV (706 GeV) 2.5 fb (1.8 fb) − 3.9σ
Table 1: Best Fit Points for a narrow, broad and double resonance and corresponding (local) signifi-
cance of the excess. For the double resonance the values in brackets refer to the subdominant resonance
The narrow width reaches a significance of 3.3σ which is improved to 4σ for the broad
resonance. The double resonance yields a similar quality of fit as the broad resonance. In
both cases, the gain in significance in insufficient to discard the narrow width hypothesis – in
particular as it comes at the prize of introducing one/ two new parameters. However, it is
encouraging that broad and double resonance exhibit comparable significance as the latter can
much easier be realized in perturbative models explaining the diphoton excess.
3 Diphotons in Supersymmetry
We will now turn to the explanation of the diphoton excess in terms of supersymmetric models.
The minimal supersymmetric standard model (MSSM) itself fails to provide a candidate for
the 750 GeV boson (see however [36]).4 Therefore, we shall consider a simple extension of the
MSSM by a singlet S and vector-like chiral superfields Xi [18]
W = WMSSM +
µs
2
S2 + µiXiXi + λi S XiXi . (3)
The singlet is taken to be even, the vector-like fields odd under R-parity. Provided the Xi come
in complete SU(5) multiplets, the attractive feature of gauge coupling unification is preserved.
4In the NMSSM, the diphoton signal can be mimicked by the decay of two ultra light pseudoscalars into
collimated photons [37–39].
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However, any new multiplet increases the unified gauge coupling. Requiring unification in the
perturbative regime one may introduce up to three copies of 5 + 5 or one 10 + 10. The 5-plet
contains a down-type quark and a lepton doublet 5 = (D,L), while the 10-plets contains a
quark doublet, an up-type quark and a lepton singlet 10 = (Q,U,E). In order to avoid stable
vector-like particles, the superpotential should be extended by Yukawa couplings of the Xi to
the MSSM fields. We assume these couplings to be present, but sufficiently suppressed not to
affect our analysis.
The complex scalar singlet decomposes into a CP even state hs and a CP odd state as.
The tree-level masses read
m2hs = m
2
s + µ
2
s +Bµs , m
2
as = m
2
s + µ
2
s −Bµs , (4)
where ms and Bµs denote the singlet soft mass and bilinear soft breaking term. The 750 GeV
resonance can be identified either with hs, as or the superposition of both. The last possibility
can be realized if the mass splitting between scalar and pseudoscalar |mhs −mas | . 50 GeV.
This translates into
√|Bµs| . 200 GeV. If Bµs is suppressed one additionally has to take into
account loop effects which increase or decrease the splitting by a few tens of GeV.5 Depending
on whether the mass splitting exceeds the detector resolution, scalar and pseudoscalar are
either observed as a single or as a double resonance.
The production and decay of the resonance proceeds via loops of vector-like fermions or
sfermions. The vector quarks and leptons form Dirac fermions of mass µi with their coupling to
hs and as given by λi. Scalar masses also receive contributions from supersymmetry breaking.
The sfermion mass matrix in the basis (X˜, X˜
∗
) with X = Q, U, D, L, E reads
M
X˜
=
(
µ2X +m
2
X BµX
BµX µ
2
X +m
2
X
)
, (5)
with the supersymmetric mass µX , the soft masses mX , mX and the bilinear soft breaking
term BµX . We neglected small electroweak corrections to keep the SU(2) doublets degenerate.
The mass eigenstates will be denoted by X˜1,2, where the index 1 indicates the lighter state.
They are obtained from (X˜, X˜
∗
) by a rotation in field space with the mixing angle θX .
In the presence of CP conservation, sfermions only couple to the CP even scalar hs. The
Lagrangian contains trilinear couplings L ⊃ −TXi |X˜i|2hs with6
TX1 = λX
2µX + (AX + µs) sin(2θX)√
2
, TX2 = λX
2µX − (AX + µs) sin(2θX)√
2
. (6)
The term in brackets originates from supersymmetry breaking and is maximized for a large
mixing angle θX ∼ 45◦. Notice that it carries opposite sign for the lighter and heavier mass
eigenstate.
Let us now turn to the production of the singlet scalar or pseudoscalar φ = hs, as. Assuming
gluon fusion, the production cross section at next-to-next-to-leading order (NNLO) is obtained
from the leading order (LO) cross section by multiplying with the relevant k-factor. The latter
is estimated by taking the ratio of NNLO and LO cross sections of the standard model Higgs
σNNLOggh /σ
LO
ggh (with the Higgs mass set to mh = mφ). This leads to the expression
σNNLOggφ '
σNNLOggh
σLOggh
× σLOggφ '
ΓLOφ→gg
ΓLOh→gg
× σNNLOggh , (7)
5Loop effects also induce a small vev of hs through the tadpole diagram with vector-like states in the loop.
6Trilinear couplings X˜1X˜
∗
2hs are also present but not relevant for our analysis.
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where we made use of the correspondence between gluonic production and gluonic decay of
the resonance. The NNLO cross section of a heavy standard model Higgs is determined with
the tool SusHi (version 1.5.0) [40] employing the MSTW2008 PDFs [41].
The (leading order) decay rate of the resonance into two-photon and two-gluon final states
is given as [42]
ΓLOφ→γγ =
α2m3φ
256pi3
∣∣∣∣∣∣
∑
f
Nfc λf Q
2
f√
2mf
Af
(
m2φ
4m2f
)
+
∑
s
N sc TsQ
2
s
2m2s
As
(
m2φ
4m2s
)∣∣∣∣∣∣
2
, (8a)
ΓLOφ→gg =
α2sm
3
φ
128pi3
∣∣∣∣∣∣
∑
f ∈ colored
λf√
2mf
Af
(
m2φ
4m2f
)
+
∑
s∈ colored
Ts
2m2s
As
(
m2φ
4m2s
)∣∣∣∣∣∣
2
, (8b)
with the indices f and s running over the vector-like fermions and scalars (only the colored
ones in the case of gg). Electric charges are denoted by Q and the color factors are Nc = 3 for
quarks and Nc = 1 for leptons. We set α = 0.0078 and αs = 0.095 [43]. The loop functions
are defined as
Af (τ) =
{
2τ−2
(
τ + (τ − 1) arcsin2(√τ)) (φ = hs) ,
2τ−1 arcsin2(
√
τ) (φ = as) ,
(9a)
As(τ) =
{
τ−2
(
arcsin2(
√
τ)− τ) (φ = hs) ,
0 (φ = as) ,
(9b)
where we assumed mf,s > mφ/2 such that two-body decays of the resonance into vector
(s)fermions are forbidden.
For the decay into gluons, we take into account NLO and NNLO corrections [44] which
increase the width by a factor ∼1.7. The remaining diboson decay rates Γφ→xx are obtained
from Γφ→γγ by replacing
Q2f,s −→

√
2 (−I3f,s cot θW + Yf,s tan θW )Qf , xx = γZ ,(
−I3f,s cot θW + Yf,s tan θW
)2
, xx = ZZ ,
√
2
(
I3f,s
sin θW
)2
, xx = WW .
(10)
Hypercharge and third component of isospin are denoted by Y and I3 respectively. Given the
(unrealistic) case that Γφ is dominated by one particular vector-like fermionX = Q, U, D, L, E
or its superpartner in the loop, the diboson decay pattern would be completely fixed (see
table 2). In reality, we expect several vector-like states to contribute to Γφ. The decay pattern
then depends on their relative couplings and masses. We will come back to this point in
section 5. Note also that the CP even singlet can decay into WW, ZZ at tree-level via mixing
with the standard model Higgs. In our case, the mixing is highly suppressed as it is only
induced at loop-order. However, if there exists a coupling λSHuHd in the superpotential,
tree-level decays into WW, ZZ easily become significant.
The diphoton cross section is defined as σggφ × Brγγ with the branching ratio
Brγγ =
Γφ→γγ
Γφ→γγ + Γφ→Zγ + Γφ→ZZ + Γφ→WW + Γφ→gg
. (11)
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Dominant Loop Γφ→Zγ/Γφ→γγ Γφ→ZZ/Γφ→γγ Γφ→WW /Γφ→γγ Γφ→gg/Γφ→γγ
D 0.6 0.1 − 3933
L 0.8 3.3 9.3 −
Q 5.0 9.1 30 629
U 0.6 0.1 − 246
E 0.6 0.1 − −
Table 2: Relative diboson decay widths of the 750GeV resonance under the assumption that the width
is completely dominated by one vector-like state (D, L, Q, U or E) in the loop.
While the denominator is typically dominated by Γφ→gg, other diboson channels may become
important if the (s)leptons are considerably lighter than the (s)quarks.
4 Maximal Diphoton Cross Section
We will now determine the maximal diphoton cross section in the MSSM extended by up to
three 5+5 or one 10+10. Assuming universal boundary conditions at the GUT scale, the ratio
of fermion masses and couplings at the low scale is then predictable through the renormalization
group equations (RGEs). In order to explain the diphoton signal, large couplings λi of the
singlet to the vector-like fermions would be desirable. Unfortunately, these couplings are
tightly constrained by requiring perturbativity up to the GUT scale. Too large λi at the low
scale result in Landau poles in the renormalization group running.7 The maximal couplings
consistent with grand unification are obtained from the two-loop RGEs by setting λi =
√
4pi
as initial condition at the GUT scale MGUT = 2 · 1016 GeV.8 They are shown in table 3. The
numbers can be compared with those from the one-loop analysis [18]. Deviations reside at the
level of ≤ 10% and can be traced back to two-loop effects.
Vector-like Particles λD λL λQ λU λE µD/µL µQ/µE µU/µE
(5 + 5)1 0.97 0.63 − − − 1.55 − −
(5 + 5)2 0.79 0.45 − − − 1.75 − −
(5 + 5)3 0.71 0.34 − − − 2.09 − −
10 + 10 − − 0.88 0.71 0.26 − 3.32 2.70
Table 3: Maximal couplings of the vector-like fermions consistent with perturbativity up to the GUT
scale. Fermion mass ratios are also given.
Due to an infrared fixed-point in the RGEs of the λi, couplings at the low scale are rather
insensitive to the high scale input. Any choice of λi & 1 at the GUT scale results in fermion
couplings very close to those of table 3. The table also contains the fermion mass ratios in the
fixed-point scenario which are again determined by the two-loop RGEs.
7See [45] for model-independent constraints.
8We generated the two-loop RGEs with the tool SARAH (version 4.8.1) [46,47].
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Figure 3: Maximal diphoton cross section induced by vector-like fermion loops if perturbativity up
to the GUT scale is imposed. Vector-like fields are assumed to be in complete SU(5) multiplets (up to
three 5 + 5 or one 10 + 10) with universal boundary conditions at the GUT scale. The vector sfermions
are taken to be decoupled via large soft masses. For the case of one or two 5 + 5, the dashed line
indicates that µD < 700 GeV which is considered to be in tension with direct quark searches at the
LHC. The experimentally preferred diphoton cross section from our likelihood analysis (1 and 2σ band)
is shown in green.
Let us for the moment assume that the sfermions receive large soft masses such that they
decouple. In this case only fermion-loops contribute to the diphoton signal. Taking couplings
and mass ratios from table 3, there remains one free parameter which can be chosen to be the
vector lepton mass (µL or µE). Cross sections of the scalar and pseudoscalar singlet only differ
by the loop function Af which approaches the constants 4/3 (scalar) and 2 (pseudoscalar)
in the heavy fermion limit (fermions heavier than 500 GeV). This translates into the ratio
σgghs/σggas = 4/9. The signal strength is maximized if scalar and pseudoscalar both contribute
to the diphoton excess.
In figure 3 we depict the diphoton cross section as a function of the lepton mass for a given
vector-like field content. We set mhs = mas = 744 GeV. Lines in the figure are dotted if the
lightest vector quark mass falls below 700 GeV which we take as the lower limit from direct
searches for heavy quarks at the LHC. Depending on the decay modes of the vector fermions
the actual limit varies, but is expected to lie in this ballpark (see e.g. [48–50]). We also show
the experimentally preferred cross section from our likelihood analysis in the narrow width
case.
Encouragingly, we observe that two 5 + 5 or one 10 + 10 can already fit the excess at the
1σ level – even before we included sfermion loops. We are thus more optimistic than [18]
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despite the fact that our loop calculations are in good agreement9. The key difference is
that [18] assumed a larger experimentally preferred cross section σggφ×Brγγ = 4−8fb−1 which
corresponds approximately to the region favored by LHC-13 (see our figure 2). However, as
pointed out in section 2, consistency of the 8 and 13 TeV data requires an upward fluctuation
at 13 TeV. The combined data favor the smaller cross sections employed in our analysis.
Let us now discuss the sfermionic contribution to the diphoton cross section. We recall
that for CP conservation, only the cross section of the CP even scalar is affected by sfermion
loops. The RGE running of scalar masses and couplings depends on a large set of soft terms.
Even with universal boundary conditions at the GUT scale, low scale values cannot simply be
inferred. While this reduces the predictive power, it introduces some freedom to considerably
enhance the diphoton cross section of the 750 GeV resonance.
The opposite of the decoupling limit considered so far is the ‘supersymmetric limit’, in
which soft terms of the vector sfermions are suppressed against their supersymmetric masses
µX . This would lead to an increase of the cross section σgghs by a factor of (3/2)
2 compared
to the case of decoupled sfermions. In the supersymmetric limit σgghs approaches σggas . If the
diphoton signal originates from the superposition of scalar and pseudoscalar, sfermion loops
enhance the total cross section by a factor of 18/13.
Even more interesting is the scenario, in which the sfermions carry sizeable trilinear cou-
plings. These couplings receive contributions from supersymmetry breaking (cf. (6)) and are
not directly constrained by Landau poles. For realistic high scale boundaries, the diagonal en-
tries of the sfermion mass matrices (5) are nearly degenerate and sizeable off-diagonal entries
exist. This leads to maximal mixing (θX = 45
◦) of the sfermion mass eigenstates X˜1,2 such
that the trilinear couplings become
TX1,2 = λX
2µX ± (AX + µs)√
2
. (12)
Through the term in brackets, trilinear couplings can be strongly enhanced. In particular,
the sfermions may couple more strongly to the singlet than their fermionic superpartners. In
this case, TX1 and TX2 carry opposite sign such that X˜1 and X˜2 interfere destructively in the
sfermion loops. The diphoton cross section is hence maximized if X˜2 decouples and only X˜1
contributes.
We now want to determine the maximal coupling TX1 . The scalar potential of the fields
X˜1 and hs reads
V = m2
X˜1
∣∣∣X˜1∣∣∣2 + m2hs
2
h2s + TX1
∣∣∣X˜1∣∣∣2 hs + λ2X
4
∣∣∣X˜1∣∣∣4 + λ2X
2
∣∣∣X˜1∣∣∣2 h2s , (13)
where we assumed θX = 45
◦ resulting in a D-flat direction. This potential form holds for all
X = Q, U, D, L, E. In case |TX1 |  mhs ,mX˜1 there appears an unwanted charge breaking
vacuum at non-trivial field values. This can be tolerated even if the charge breaking vacuum
is deeper than the standard electroweak vacuum. The universe at present does not necessarily
occupy the lowest possible energy state. During the epoch of cosmic inflation, all scalar fields
received inflaton-induced soft masses. Hence, the charge conserving minimum may have been
preferred at early times (see e.g. [51]). We will assume that the universe ended up in the
standard electroweak vacuum even in the presence of a deeper charge breaking minimum. If
9We obtain cross sections ∼ 20% smaller than in [18]. This corresponds roughly to the reduction of the
diphoton cross section by NNLO corrections to the two-gluon decay of the resonance.
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Figure 4: Scalar potential potential along the the charge breaking direction |X˜1| for increasing scalar
coupling TX1 (from left). The panels on the left, in the middle and on the right refer to a stable,
metastable and unstable electroweak vacuum (at X˜1 = 0) respectively.
such a deeper minimum exists, the universe is, however, unstable against quantum tunneling.
In order to arrive at a viable model we require that the tunneling time is larger than the age
of the universe.10 For the single field case, the tunneling rate per volume Γtunnel into a deeper
minimum of the potential is given as [55,56]
Γtunnel = Ae
−SB . (14)
where SB denotes the action of the ‘bounce’, a classical solution to the Euler-Lagrange equation
obeying certain boundary conditions [55,56]. Taking the prefactor A = O (TeV4), a tunneling
time larger than the age of the universe requires SB > 400.
For the multi-field potential (13), we first identify the most dangerous path in field space
connecting the charge conserving and charge breaking minima. By this, we mean the path
which minimizes the barrier separating the two. It is defined by
hs = −
TX1
∣∣∣X˜1∣∣∣2
m2hs + λ
2
X
∣∣∣X˜1∣∣∣2 . (15)
We eliminate hs through this equation and redefine |X˜1| such that it is canonically normalized
along this path. Finally, we determine SB by solving the differential equation of the bounce [55,
56]. In figure 4 we depict the scalar potential along the direction |X˜1| with hs fixed by (15).
10Analog considerations were used to constrain the couplings of non-supersymmetric scalars in [52]. In the
MSSM trilinear couplings of lights stops [53] and light staus [54] are limited by vacuum stability.
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The three examples refer to a stable, metastable and unstable electroweak vacuum respectively.
Metastable means that the tunneling time exceeds the age of the universe. Imposing at least
metastability (SB > 400) results in an upper limit on the trilinear coupling TX1 which depends
on the masses mhs , mX˜1 and the Yukawa coupling λX . Taking mhs = 744 GeV and λX from
table 3 we arrive at the maximal trilinear couplings of table 4 for X = Q, U, D, L, E.
Vector-like Particles TD1 [TeV] TL1 [TeV] TQ1 [TeV] TU1 [TeV] TE1 [TeV]
(5 + 5)1 1.83 (2.34) 0.95 (1.11) − − −
(5 + 5)2 1.57 (2.02) 0.80 (0.95) − − −
(5 + 5)3 1.47 (1.89) 0.73 (0.88) − − −
10 + 10 − − 1.70 (2.19) 1.47 (1.89) 0.71 (0.82)
Table 4: Maximal couplings between vector-like sfermions and CP even singlet. The maximal couplings
are sensitive to the mass of the considered sfermion. For the values above (values in brackets), we set
slepton masses to 380GeV (500GeV) and squark masses to 700GeV (1000GeV). The maximal coupling
at a different mass can be obtained by linear extrapolation.
Finally, we determine the maximal diphoton cross section including sfermion loops. The
latter is obtained for maximal couplings λX , TX1 and µX , mX˜1 as light as possible. Consistency
with direct searches at the LHC puts a lower limit on the masses of colored particles which
depends on their decay modes. As we did not specify the couplings of the vector-like states
to the MSSM fields, we cannot identify a clear-cut constraint and make the somewhat sim-
plistic assumption that all vector (s)quarks should be heavier than 700 GeV (see e.g. [48–50]).
(S)leptons can be considerably lighter, but should not be accessible as two-body final states
(otherwise Γφ→γγ would be suppressed). In order to avoid fine-tuning, we require them to be
heavier than 380 GeV. Notice that quarks and leptons cannot both saturate the lower limit as
their mass ratio is fixed (see table 3). If we consider e.g. the vector-like 10-plet of SU(5) and
impose µE > 380 GeV, it follows that µU > 1.03 TeV.
The maximal diphoton cross sections including sfermion loops is shown in figure 5. The
diphoton resonance is taken to be either the pseudoscalar singlet, the scalar or the superposition
of both. The cross section of the CP even singlet increases dramatically through sfermion
effects. The enhancement may reach up to a factor of seven. As a consequence, the observed
diphoton signal is now consistent with a single 5-plet of SU(5) if it is caused by the superposition
of scalar and pseudoscalar. For all other cases, even the scalar alone can produce a sufficient
signal strength. We conclude that the minimal extensions of the MSSM, which are entertained
in this work, provide a very attractive explanation to the diphoton excess. In particular, the
situation looks very promising if sfermions are not decoupled but reside within the reach of
LHC-13.
5 Predictions for LHC-13
We now turn to predictions which follow from an explanation to the diphoton excess. The mass
spectrum of the vector-like states is severely constrained by requiring sufficient signal strength.
In figure 6 we depict the maximal diphoton cross section as a function of the lightest charged
vector particle mass (either a lepton or a slepton) and of the lightest colored vector particle
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Figure 5: Maximal diphoton cross section including fermion and sfermion loops (the individual contri-
butions are shown in different colors). The diphoton resonance can either be identified with the singlet
pseudoscalar (P), the scalar (S) or the superposition of both (P+S). The experimentally preferred
diphoton cross section (1 and 2σ band) is shown in green.
mass (right panel).11 In the left panel, we required (s)quark masses of at least 700 GeV, in
the right panel slepton masses of at least 380 GeV. In addition, the fermion mass ratios of
table 3 were imposed. Under these boundary conditions, masses and couplings were chosen to
maximize the diphoton cross section.
We observe that consistency with the LHC signal at 1σ imposes an upper limit between
380 and 580 GeV on the mass of the lightest vector (s)lepton. The lightest colored vector-like
particle cannot be heavier than 0.7 − 2.2 TeV. The tightest constraints are obtained for the
MSSM extended by a single vector-like 5-plet which predicts new charged and colored states
‘right around the corner’. The weakest limits arise if three 5 + 5 are introduced. But even in
this case, vector-like states are within reach of LHC-13 at high luminosity.
Finally, for a given scenario, we determine the signal strength in the other diboson channels.
If the decay of the resonance was completely dominated by one particular loop diagram, the
diboson signals would be fixed to the values of table 2. However, we find that generically
several vector-like states contribute significantly to the loop decays. Hence, we have to take
into account the interference between different loops.
If we assume the best fit cross section from our likelihood analysis, the existing con-
straints [7, 57] from LHC-8 can be translated into12
Γφ→Zγ
Γφ→γγ
< 20 ,
Γφ→ZZ
Γφ→γγ
< 21 ,
Γφ→WW
Γφ→γγ
< 72 ,
Γφ→gg
Γφ→γγ
< 4500 . (16)
In case the other diboson final states are only produced via loops (which we assume in our
11We have identified the resonance with the superposition of scalar and pseudoscalar in order to maximize
the diphoton cross section.
12More restrictive numbers which circulate in the literature have been obtained under the assumption of a
larger diphoton cross section.
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Figure 6: Maximal diphoton cross section as a function of the lightest vector (s)lepton mass (left
panel) and the lightest vector (s)quark mass (right panel). The experimentally preferred diphoton cross
section (1 and 2σ band) is shown in green.
analysis), the constraints are not yet competitive. However, a strong gain in sensitivity is
expected at LHC-13. In particular the Zγ, ZZ and WW channels will provide an important
test of diphoton models in the future.
Vector-like Particles Γφ→Zγ/Γφ→γγ Γφ→ZZ/Γφ→γγ Γφ→WW /Γφ→γγ Γφ→gg/Γφ→γγ
(5 + 5)1 0.4 2.5 6.7− 6.8 104− 111
(5 + 5)2 0.3− 0.7 2.1− 3.0 5.4− 8.3 14− 313
(5 + 5)3 0.2− 0.7 2.0− 3.1 5.2− 8.6 7− 307
10 + 10 0− 0.5 0.6− 2.3 1.0− 6.2 87− 306
Table 5: Branching Ratios of other diboson channels. The given ranges are obtained by requiring
consistency with the diphoton signal at 1σ.
We have scanned over the parameter space of the vector-like extensions of the MSSM. In
table 5 we provide the resulting predictions in the diboson channels. We have only included
the fraction of parameter space compatible with the diphoton excess at 1σ. As can be seen,
ratios are predicted rather precisely if the vector-like states are comprised by one 5 + 5. In
this scenario, all parameters are basically fixed by requiring a sufficient diphoton signal. If
the vector-like sector consists of more 5-plets or a 10-plet there is considerably more freedom
to choose parameters. As a consequence, the diboson decay rates may vary within the given
ranges. In the ZZ and WW channels, the predicted signals are only a factor of 10 below the
current sensitivity.
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6 From the GUT Scale to the Weak Scale
We have demonstrated so far that simple vector-like extensions of the MSSM are capable
of explaining the LHC diphoton excess. It remains to be shown that the part of parameter
space, in which a sufficient diphoton signal arises, is accessible within grand unified theories.
Therefore, we have chosen to implement the model with a singlet and one 10+10 into SARAH
(version 4.8.1) [46, 47] which is interfaced with SPHENO (version 3.3.8) [58, 59]. We slightly
adjusted the SARAH model file ‘NMSSM10’ provided by [60]. The use of SPHENO allows us
to study the full two-loop RGE evolution of masses and couplings from high to low energies.
We impose universal boundary conditions on the 10-plets and on the MSSM sector re-
spectively. This results in the following 14 free parameters to be chosen at the GUT scale:
{m1/2, m0 , A0, µ, Bµ, tanβ} in the MSSM sector, {λ10, µ10, Bµ10, m10, A10} in the vector-
like sector and {µs, Bµs, ms} in the singlet sector. The letters µ, B, m stand for supersym-
metric, bilinear and soft masses, A for trilinear couplings.
In table 6, we provide a benchmark point which leads to a diphoton signal consistent with
the LHC excess. Scalar and pseudoscalar singlet are split by 35 GeV, i.e. a double resonance
is obtained. The significance in the diphoton channel reaches 3.8σ for this benchmark point.
As can be seen, fermion couplings are perturbative and scalar couplings fulfill the con-
straints imposed by vacuum stability (cf. table 4). Soft parameters have been chosen in the
TeV range, only in the singlet sector they are of O(10 TeV). There is no fine-tuning associated
with this choice as singlet mass terms experience a focus point behavior in the RGE running.
At the low scale µs(TeV)  µs(MGUT) and ms(TeV)  ms(MGUT) as a consequence of the
large couplings between singlet and vector-like states. Our benchmark example shows that the
diphoton signal can indeed be realized via realistic GUT scale boundary conditions.
Turning to the other diboson decay channels, the expected branching ratios are not yet
accessible at the LHC. However, if the current sensitivity is increased by one order of magnitude,
the predictions in the ZZ and WW channels can be tested.
7 Conclusion
Motivated by the diphoton excess at 750 GeV we have considered a generalization of the
MSSM with an additional singlet and vector-like states. Such a setup occurs frequently in
string theory models, although no specific arguments are known that point to the particular
mass of 750 GeV. The vector-like states tend to be heavy, but some pairs could be protected
by specific R-symmetries in an analog way as a Higgs doublet pair is kept light [61].
In the present paper, we have concentrated on supersymmetric grand unified theories as a
generalization of previous studies performed in [18–20]. The novel observation presented here
is the potentially decisive role of sfermions in the loop which enhance the fermion contribution
to the diphoton signal considered in [18] by a factor up to seven. The MSSM completed with
a single vector-like 5-plet or 10-plet of SU(5) would be sufficient to explain the excess as seen
in the ATLAS and CMS data. In figure 5 we present the maximal diphoton cross section in a
given vector-like extension requiring
(i) perturbative unification of the gauge couplings at MGUT,
(ii) the absence of Landau poles in the RGE running of fermion couplings,
(iii) scalar couplings consistent with a (meta)stable electroweak vacuum.
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Boundaries at the GUT scale
m1/2 2200 GeV λ10 1.0
m0 1000 GeV µ10 340 GeV
A0 0 Bµ10 −1.97 · 107 GeV
µ 800 GeV m10 2060 GeV
Bµ 6 · 105 GeV A10 0
tanβ 10 µs 2.54 · 104 GeV
ms 9520 GeV Bµs −1.51 · 108 GeV
MSSM Spectrum
m
B˜
337 GeV mh 127 GeV
m
W˜
594 GeV mH , ma 3.02 TeV
mg˜ 1.70 TeV msquarks 1.7− 3.0 TeV
m
h˜
1.01 TeV msleptons 1.2− 1.5 TeV
Vector-like Spectrum and Couplings
µQ 1.3 TeV λQ 0.85
µU 1.0 TeV λU 0.68
µE 376 GeV λE 0.27
m
Q˜1
700 GeV TQ1 1.47 TeV
m
Q˜2
3.1 TeV TQ2 1.31 TeV
m
U˜1
1.4 TeV TU1 1.13 TeV
m
U˜2
3.0 TeV TU2 0.67 TeV
m
E˜1
375 GeV TE1 0.61 TeV
m
E˜2
534 GeV TE2 −0.34 TeV
Singlet Spectrum
mhs 744 GeV ms˜ 1.37 TeVmas 709 GeV
Diphoton Signal
σgghs × Brγγ 1.79 fb Significance 3.8σ
σggas × Brγγ 1.09 fb
Other Diboson Channels
Γhs→Zγ /Γhs→γγ 0.1 Γas→Zγ /Γas→γγ 0.1
Γhs→ZZ /Γhs→γγ 2.3 Γas→ZZ /Γas→γγ 1.5
Γhs→WW /Γhs→γγ 5.3 Γas→WW /Γas→γγ 3.6
Γhs→gg /Γhs→γγ 205 Γas→gg /Γas→γγ 195
Table 6: Benchmark Point in the MSSM extended by a singlet and a vector-like 10-plet of SU(5).
GUT scale boundaries and the resulting particle spectrum, diphoton and diboson signals are shown.
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Supersymmetry breaking can induce a mass splitting between the scalar and pseudoscalar
singlet in the vicinity of 750 GeV. We have proven that the corresponding double resonance
fits the diphoton spectra as good as a broad resonance.
Apart from the diphoton signal we identified other diboson signals like Zγ, ZZ and WW
which can be deduced in the different extensions of the MSSM with vector-like states as shown
in table 5. These specific predictions of the scheme will provide further tests in case the
diphoton signal would be confirmed. In table 6 we specify a complete benchmark model with
realistic GUT scale boundary conditions which accommodates the observed diphoton signal.
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